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SUMMARY 


A pressure-distribution investigation was conducted in the Langley 
4- by 4-foot supersonic pressure tunnel to determine the aerodynamic 
characteristics of a body with a fineness ratio of 8 in the two-dimensional 

flow field of an 8— - percent-thick circular-arc wing of rectangular plan 
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form. Data were obtained for several wing-body positions at a Mach num- 
ber of 2.01 and a Reynolds number of 3*4 X 10^ P er foot. 


Fairly good predictions of the trend and order of magnitude of the 
forces on the body due to the effect of the wing flow field were obtained 
from slender-body theory. Shock-expansion methods as well as linear 
theory were used to determine the wing-flow-field characteristics . 
Although the accuracy of the results of total drag and the normal-force 
loading was improved with the use of the more exact flow-field predic- 
tion, no appreciable improvement was noted in the results of total nor- 
mal force and pitching moment. 


No estimation was made of the total loads on the wing due to the 
effect of the body. The lack of sufficient experimental data and the 
unknown reflection characteristics of the wing shocks from the body sur- 
face precluded a rigorous analysis. 


INTRODUCTION 


The prediction of the aerodynamic characteristics of wings and 
bodies in combination is difficult because of the complex nature of the 
interference effects which are involved. Two distinct problems are pre- 
sented: First, the determination of the flow field in which the body or 
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wing surface is acting, and second, the determination of the character- 
istics of these surfaces in this field. In attempting to assess the 
validity of the use of existing theory in obtaining the characteristics 
of a body or wing in a nonuniform field, it would be advantageous, at 
first, to work with relatively simple flow fields. In this way, a much 
more fundamental understanding of the wing -body problem may be gained. 

With this purpose in mind, an investigation is being conducted in 
the Langley 4- by 4-foot supersonic pressure tunnel to determine the 
characteristics of bodies and wings in flow fields with varying degrees 
of complexity. The first phase of this investigation was reported in 
reference 1, wherein the changes in the aerodynamic characteristics of 
a body were determined as the position of the body was varied with 
respect to a flat plate alined with the air stream. It was found that 
the prediction of the chord -force increments (due to interference 
effects) and the prediction of the variation and order of magnitude of 
the normal-force increments was very good. These results were obtained 
by the application of slender-body theory as outlined by Moskowitz in 
referenc.e 2. 

The present report is concerned with the characteristics of a body 
in the two-dimensional flow field of a circular -arc wing of rectangular 
plan form. The effect of the body field on the wing is also considered 
although the analysis in this case is not extensive. Pressure measure- 
ments on the body and the wing have been obtained for a range of body 
positions with respect to the wing, both in a chordwise and a vertical 
(with respect to the chord plane) direction, and for wing angles of 
attack of 0° and 5°. Tests were made at a Mach number of 2.01 and a 

Reynolds number of J.4 x 10^ per foot. The data are compared with theo 
retical results. 


SYMBOLS 


P 


mass density of air 


V 


airspeed 


M 


a 


q 


speed of sound in air 
Mach number, V/a 

1 2 

dynamic pressure, ^pV 


P 


free -stream static pressure 
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Pi 

CL 


local static pressure 


pressure coefficient , 


Pi - P 


ACp increment in pressure coefficient due to the effect of an 


interference field 


P = { 

R 


- 1 


local radius of body 


L 

c 

0 

X 

X 

Z 

S 

m(£) 

9 

r 

% 

c n 

C N 


length of body 
wing chord length 

body polar angle, deg (see fig. l) 

distance from apex of body measured along axis of symmetry 
angle of attack of wing, deg 

chordwise position of body nose with respect to wing midpoint 
(positive when measured upstream) 

vertical position of body nose with respect to wing chord plane 

body cross-sectional area 

distribution function 

potential 

distance normal to body axis 
integration variable 

perturbation velocity components of disturbance field 

Body section normal force 

body-section normal -force coefficient, 

2qR 

body normal-force coefficient (positive towards wing), 

Bod y normal force 
^max 


k 
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C m body pitching-moment coefficient (about apex of body). 

Body pitching moment 

qS max L 

AC c interference increment in body pressure chord-force 

coefficient. Body chord-force increment 

^^max 

AC N,w interference increment in wing normal-force coefficient 
(based on unit span), Wing normal-force increment 

qc 

AC c,w interference increment in wing chord-force coefficient 
(based on unit span), Wing chord-f orce coefficient 

qc 


Subscripts : 

max maximum 

b body base 


DESCRIPTION OF MODELS AND TESTS 


The test setup is shown in figure 1. 


An 8i - percent-thick circular 
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arc wing of rectangular plan form was mounted from the tunnel side wall 
on two sweptback struts. Three rows of pressure orifices (23 orifices 
per row) were provided on the surface of the wing nearest the body. Lon 
gitudinal motion (chordwise) between the wing and the body was accom- 
plished by movement of the wing along the tunnel side wall. 


The fuselage model was a blunt-based parabolic body of revolution 
with a length equal to that of the wing chord and with a fineness ratio 
of 8 . The body was equipped with two rows (located 180 ° apart) of 
static-pressure orifices. Each row contained 2k orifices. Provision 
was made in the model sting for rolling the body about its own axis so 
that complete pressure coverage could be obtained. Lateral motion 
between the body and the wing (Z direction, fig. 1) was obtained by 
translation of the body and sting. 


Pressure measurements on the body and the wing were obtained for 
the six chordwise and four vertical body-wing positions shown on the 
test grid in figure 1. Tests were made for a body angle of attack of 0° 
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and wing angles of attack of 0° and 5°* The test Mach number was 2.01 

and the Reynolds number, 3.4 x 10^ per foot. Throughout the test, tran- 
sition strips (No. 60 carborundum grains) were installed on both the 
body and the wing. 

Tunnel stagnation conditions were as follows: temperature, 110° F; 

dewpoint, approximately -35° F; and pressure, 14 pounds per square inch 
absolute . 


RESULTS AND DISCUSSION 


Presentation of Data 

The basic data obtained on the body and wing are presented in fig- 
ures 2 and 3> respectively. The pressure -coefficient variation on the 
body is presented as a function of the body station and radial angle for 
each of .the body-wing positions investigated. The pressure-coefficient 
variation on the wing is presented as a function of the wing station for 
the orifice rows indicated in figure 1. In each case the data for a wing 
angle of attack of 0° are presented in the upper portion of the' figure 
and those for an angle of 5° j in the lower portion. 

In order to aid in the interpretation of these data and to gain a 
fundamental understanding of the actual flow phenomena which are taking 
place, the pressure distribution on the body meridian closest to the 
wing (9 = 180°) and the distribution on the wing directly opposite the 
body (Row 1) are shown in figure 4 for the six chordwise positions used 
during the test. The vertical distance between the wing-chord plane and 
the body center line in this case is 2.5 inches. The solid line on the 
pres sure -distribution plots represents the experimental interference- 
free data. For reasons which are discussed subsequently, Mach lines are 
used to establish the region of influence of the body, and the leading- 
edge shock wave (determined from shock-expansion theory) is used to 
indicate the influence of the wing. Although the multiple shock reflec- 
tions which are shown between the wing and the body in figure 4 are only 
qualitative in nature, they do serve to identify the origin of the abrupt 
changes in pressure which exist on the wing and the body. 

It is of interest to note that at position X = 8 the reflection 
of the wing leading-edge shock from the body back on the wing produces 
a pressure increase of the same order of magnitude as the effect of the 
body shock on the wing. Also, for chord position 3> X = 4, it is 
apparent from the magnitude of the pressure increase on the wing that 
the reflected wing shock and the body shock have coalesced on the wing 
surface. The pressure increase on the rearward portion of the body at 
chord position 6, X = -8, is due to the reflection of the wing leading- 
edge shock from the tunnel side wall. The presence of this reflected 
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shock must, of necessity* invalidate the data at small values of Z for 
chord positions 5 a,nd 6* that is* X = -A and -8, respectively. 


Analysis 

One of the initial problems which was encountered in the analysis 
of the present wing -body problem was the accurate definition of the flow 
field in which the body was acting. This problem becomes more acute as 
the body is moved away from the wing* as may be seen from an examination 

of figure 5- In this figure the flow-field boundaries of an 8^ -percent- 

thick wing are shown. The experimental points which identify the leading - 
and trailing-edge shocks were determined from the body pressure distribu- 
tions and* for the case of the leading-edge shock, are in good agreement 
with the results obtained from shock-expansion methods. In contrast* it 
may be noted that the wing flow field defined by Mach lines (linear theory) 
is not an adequate representation of actual conditions. In order to illus- 
trate the effect of these flow-field differences on the prediction of body 
forces,' comparisons between experiment and theory are made for each method 
of flow-field definition. 

The predictions of the forces on the body in the wing flow field 
were determined from slender -body theory. This development is presented 
in the appendix and follows that given in reference 2. It is shown that 
the lift of a body in a nonuniform flow field is a function of the buoyant 
and upwash effects of that field. 

In the determination of the buoyant forces, contour maps of the wing 
pressure field were used. The body was superimposed in this field (with 
the assumption that the field was not disturbed in any manner) and the 
incremental pressures at the body surface were used to compute the inter- 
ference increments in normal force* drag (chord force), and pitching 
moment . The graphical method was used in anticipation of increased 
accuracy in the normal-force results* particularly with respect to the 
distribution of this force. Actually, the results obtained from equa- 
tion (9) for the total buoyant forces on the body were in excellent 
agreement with those obtained graphically. 

For the estimation of drag* the aforementioned approach is similar 
to that used in reference 3, except that in the present case the surface 
pressures on the body were used rather than those which exist in the 
location of the body center line . It was found in reference 1 that the 
differences involved were negligible* and inasmuch as surface pressures 
had to be determined for lift calculations* they were also used for the 
drag results . 
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The lift, or normal force, due to the upwash effects of the field 
is shown in equation ( 7 ) to be dependent only on the upwash and cross- 
sectional area at the base of the body. The appropriate values of 
upwash were obtained from the contour plots of the wing flow field. 

The distribution of this normal force was obtained from application of 
equation (9) with the use of a center-line distribution of upwash. 


Body Characteristics 

The changes in the aerodynamic characteristics of the body due to 
the effect of the wing flow field are presented in figure 6 as functions 
of the position of the body with respect to the wing. Inasmuch as the 
experimental results in this figure are compared with an analysis based 
upon the linearized wing flow field, the wing-body position is defined 
by the parameter X + pZ. Thus, movement of the body along any Mach 
line emanating from the wing will result in a constant value of X + pZ. 

As the body is moved into the wing flow field (from wing leading edge 
to trailing edge) it is first subject to a negative, or favorable, chord- 
force increment, a negative normal force tending to move the body away 
from the wing, and a corresponding positive moment about the nose. Fur- 
ther movement of the body into the wing field results in a reversal of 
each of these trends, the maximum values in this case occurring when the 
body is completely immersed in the field (X + pZ = 6). As the body is 
moved out of the field it is again subject to a reversal in the signs of 
the forces and moment. In general, the results for a wing angle of attack 
of 5° are similar to those for 0°. 

The experimental results in this figure are compared with the anal- 
ysis based upon the linearized wing flow field. The dashed line in each 
case represents that portion of the estimated overall force or moment 
which is due to the buoyant effect of the field. The solid line repre- 
sents the total estimated normal force and pitching moment and is obtained 
by the addition of the increment due to the upwash of the field to the 
buoyant value. 

In general, the prediction of the trend and order of magnitude of 
the forces and moments is very good. It should be noted, however, that 
the estimation of the actual values at any particular wing-body position 
may be subject to large error. 

The effect of the discrepancies which exist between the actual and 
the linearized flow fields is not readily apparent from the data except 
for the variation in drag. In this case, there is a noticeable shift 
between the experimental and theoretical curves. In order to determine 
the effect of the flow-field differences on the normal-force variation, 
the distribution of loading over the body must be examined. For this 
purpose, the increments in pressure coefficients (9=0° and l80°) 
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due to the interference effects of the wing and the normal -force distri- 
butions along the body are presented in figure 7 for four representative 
positions of the body in the wing flow field. The positions were chosen 
to illustrate the effects of leading- and trailing-edge shock impingement 
on the body, complete immersion of the body in the flow field, and the 
effect of multiple reflections between the wing and the body. The dashed 
line again represents the magnitude of the buoyant effects of the field 
and the solid line, the addition of the upwash effects to the buoyancy 
results. It should be noted that an impulsive force (see appendix) must 
be added to the results at the intersection points of the wing leading- 
and trailing-edge shocks with the body center line. The line of action 
of this force is indicated by the arrow on the normal -force loading dis- 
tributions of figure 7* 

From an examination of figure 7 it may be seen that the use of a 
linearized field, in this case, resulted in a poor estimation of the 
load distribution over the body. The effect of the difference in the 
actual and predicted flow fields is readily apparent in the point of 
origin of the wing disturbance on the body. It should be noted, how- 
ever, that integration of the theoretical load distributions may give 
results which are consistent with experimental data. This is particu- 
larly true of the buoyancy results which form the larger part of the 
normal force to which the body is subject. 

The results which may be obtained with the use of a more accurate 
representation of the flow field are shown in figure 8. Data are pre- 
sented for the four representative wing-body positions discussed previ- 
ously, and comparisons are made with an analysis based on shock-expansion 
methods of flow-field definition. The estimation of body pressures and 
normal-force loadings is fairly good except in the region of the impul- 
sive loading. Further improvements may be possible if additional refine- 
ments to the flow field are made. The pressure increments due to upwash 
were determined from conditions along the body center line and thus do 
not accurately define the conditions at the body surface. Use of surface 
upwash values might possibly have improved the agreement between results. 
In addition, more accurate values of the loading might have been obtained 
in some cases by a consideration of the multiple reflections of shock 
waves between the body and wing. These applications are tedious, how- 
ever, and do not appear to be warranted. 

The estimated total force and moment characteristics of the body, 
based on shock-expansion flow-field calculations, are compared with the 
experimental results in figure 9* Because of the lack of data it is 
difficult to determine whether the prediction of actual values of nor- 
mal force and pitching moment has been improved with the use of the more 
exact flow-field calculations . The estimation of the trends of these 
curves, however, does appear to be more accurate. This is particularly 
true at the larger values of the wing -body separation distance. The 
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prediction of the drag characteristics shows considerable improvement 
in the agreement with the experimental results . 

With regard to the normal -force values , it should be noted that 
small opposing differences in the predictions of body pressures may 
result in substantial variations in the integrated values of body nor 
mal force. Thus , even though the estimation of body pressures may be 
fairly representative of the experimental results , no improvement in 
the total-force values may be obtained. 


Wing Characteristics 

The main emphasis of this report has been placed on the determina- 
tion of the change in body characteristics due to the action of a non- 
uniform flow field and, in this respect, the wing has served only as a 
generator of this field. It is also of interest, however, to examine 
the effect of the body on the wing. The variations in wing normal 
force and chord force are presented in figures 10(a) and 10(b), respec- 
tively, as functions of wing -body position. Because the amount of 
experimental data obtained on the wing was limited, the results should 
be regarded as qualitative in nature. In addition, data were obtained 
only on the wing surface next to the body and, therefore, the results 
for those positions where the wing is completely immersed in the body 
field are not complete . 

For body positions near the wing (small values of z), the inter- 
ference increments in wing chord force (fig. 10(b)) are predominately 
unfavorable. Movement of the body away from the wing, however, tends to 
reverse this condition. The normal -force results (fig. 10(a)) indicate 
conditions of favorable lift interference except for forward body posi- 
tions at small values of the wing-body separation distance . The results 
at these forward body positions are not complete, however, inasmuch as 
the effect of the body flow field on both sides of the wing is not known. 

The most advantageous body-wing position for favorable interference 
must be determined from a consideration of both wing and body results . 

For example, for rearward body positions at small values of z, the wing 
and body drag increments are negative and the normal-force values are 
positive and negative, respectively. Although this is a region of favor- 
able drag interference, it may not be a good region for favorable lift- 
drag ratios because of the negative normal-force increments on the body. 

The prediction of the interference effects on the wing is a complex 
problem for the present configuration. In order to analyze this situa- 
tion, wing-interference pressure increments are presented in figure 11 
for four representative positions. The theoretical curve represents the 
pressures which would exist on a flat plate in the wing-chord plane and, 
as such, is a first approximation to the wing surface pressures. 
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It is readily apparent that sizable corrections to the flow field 
are necessary for dependable force predictions. It is equally apparent, 
however, that some of these corrections are not simply defined. 

Considerable improvement in the pressure distributions may be pos- 
sible with a more accurate definition of the body flow field and from a 
determination of conditions at the wing surface rather than at the chord 
plane. Several simplifying assumptions must be made, however, since a 
rigorous analysis by three-dimensional characteristics does not appear 
to be warranted. It should also be noted that the reflection character- 
istics of the wing leading-edge shock from the body are unknown. Inas- 
much as the pressure rise from this source may be quite large, the prob- 
lem of multiple shock reflection cannot be ignored. In view of these 
complexities, no attempt was made to predict the interference increments 
in total wing forces . 


CONCLUDING REMARKS 


The changes in the aerodynamic characteristics of a blunt -based 
parabolic body of revolution with a fineness ratio of 8 have been deter- 
mined in the two-dimensional flow field of an 8^ - percent-thick circular- 

arc wing of rectangular plan form. Data were obtained at a Mach number 

of 2.01, a Reynolds number of 3*^- X lO^ 1 P er foot; an( ^ a "t wing angles of 
attack of 0° and 5°. The results were compared with theoretical values 
obtained from the application of slender-body theory. Shock expansion, 
as well as linear theory, was used to define the wing flow field. 

Fairly good predictions of the trend and order of magnitude of the 
forces on the body due to the presence of the wing flow field were pos- 
sible with the application of slender-body theory. The use of shock- 
expansion methods in defining the wing flow field did not appreciably 
improve the accuracy of the estimations of total body normal force and 
pitching moment over those given by the use of linearized methods. The 
accuracy of the predictions of normal-force loading and total drag, how- 
ever, was dependent upon the method of flow-field definition, the results 
obtained from shock-expansion theory being in better agreement with the 
experimental data than those obtained from linear theory. 

No estimation was made of the total loads on the wing due to the 
effect of the body. The lack of sufficient experimental data and the 
unknown reflection characteristics of the wing shocks from the body 
surface precluded a rigorous analysis . The body effect on the wing 
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must be considered in any estimation of wing-body loads, however, inas- 
much as positions for favorable body effects may not result in favorable 
overall lift-drag ratios . 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., April 2k , 1957* 
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APPENDIX 


PREDICTION OF FORCES ON A BODY IN A NONUNIFORM FLOW FIELD 


If a slender body of revolution at zero angle of attack in a uniform 
supersonic stream of velocity V is subject to a small disturbance field 
(u, v, w), the pressure which contributes to the lift of the body is 
shown in reference 2 to be given by the expression 


0 2u 

P V “ V 


( 1 ) 


The potential cp is that part of the total velocity potential (due 
to the disturbance field) which contributes to lift and is dependent 
only on the upwash w. Thus, it may be seen that the lift of a body in 
a disturbance field is a function of the upwash and buoyant effects of 
that field. 

The potential may be written as 


cp = 


cos 9 
r 



m(S)(x - £)d£ 
fix - t) 2 - 0 2 r 2 


( 2 ) 


where the distribution function m(|), when related to the local cross- 
flow (r -»0), is equal to the expression 


m 



(3) 


From equations (l), (2), and ( 3 ), by using the approximation that the 
body radius approaches 0, the lifting pressure due to the upwash field 
may be obtained as 


n _ 

upwash 


2 CO S . l ±( r 2 v ) 
VR dx ' ' 


( 4 ) 
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The lifting pressure due to the buoyant effect of the disturbance 
field is shown in reference 2 to be given by the following expression 

Cp, buoyancy = y R cos ® 

It should be noted that this term results from an expansion of u 
in a Taylor's series and a consideration of the irrotationality of the 
flow. 


The total normal -force coefficient on the body may then be expressed 
as 


C N 


2 

Smax 



+ 



dx 


( 6 ) 


where the first term under the integral sign represents the contribution 
of the buoyant effect of the field to the lift, and the second term 
represents the upwash portion. Equation (6) may thus be expressed as 


C N = 



s w-(S 

dxW 


dx + 


2S b^b 

®max^ 


( 7 ) 


In the derivation of this equation it was assumed that u, w, and 
their derivatives were continuous. If this is not the case, some care 
must be used in evaluating the integrals of equation (6) . If a discon- 
tinuity in w is assumed at x = x^, equation (6) becomes 


C 


N “ 


2 

Smax 



2 

^max 


2 

q 

°max 



( 8 ) 
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(where 6 is a small increment in x) and on simplifying, 


C N _ 


®max 


iX-i-6 , 

1 ' - 6. (v 


S ( x l) 


/.* s(x) ^lD dx+ v 


w(xi + b) - w(xi - 8 ) 


s (x)f-(^dx 
dx V/ 


x-^+5 


+ 


^max 


, x^-6 


0 


_d_ 

dx 


S(x)— dx + 


s (n) 


V 


w 


( X 1 + & ) - *( x l " 5 ) 


x-,+5 


S(x)^ 


dx 


(9) 


The terms in the first set of braces represent the buoyant contribution, 
and those in the second set, the upwash contribution. It should be noted 


that each contribution contains an impulsive force (represented by the 


term 


s (xi) 


V 


v(xi 




located at the point of flow discon- 


tinuity. It should also be noted that those terms which represent the 
upwash contribution will integrate to the value given in equation ( 7 ) , 


that is, — Therefore, that portion of the body normal force due 

S V 
°max v 

to the upwash of the disturbance field is dependent only upon the upwash 
at the base and the base area even though a discontinuity exists in the 
field. 
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Figure 1.- Schematic layout of models and test setup. 
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Figure 2.- Pressure-coefficient variation on the body for the 
wing-body positions investigated. 
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Figure 2.- Continued 
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(c) X = 4; Z = 1.5. 


Figure 2.- Continued. 
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Figure 2.- Continued 
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Figure 3 .- Pressure -coefficient variation on the wing for the various wing-body positions 

investigated. 
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Figure 4 .- Illustrative example of the pressure -coefficient variation on the body and wing as the 

body is moved through the wing flow field. Z = 2.5. 
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Figure 6.- Variation of the aerodynamic characteristics of the body as 
the body is moved through the wing flow field. Linearized wing-flow- 
field results. 
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Figure 7*- Comparison between experimental and theoretical lifting pressure and normal -force 
loading distributions on the body for representative wing and body positions. Linearized 
wing -flow -field results. (Arrows indicate the position of the impulsive forces.) 
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Figure 9.- Variation of the aerodynamic characteristics of the body as 
the body is moved through the wing flow field. Shock-expansion wing- 
flow-field results. 
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Figure 10.- Variation of the aerodynamics characteristics of the wing as 
the body is moved through the wing flow field. 
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